The conversion of unmanaged forest land to homesites dominated by managed turfgrass lawns continues to increase and has large potential impacts on biogeochemical cycling. The conversion process from forest into mowed turfgrass involves a major disturbance to soil properties and shift in ecological conditions, which could affect soil physical, chemical and biological properties, including carbon sequestration. We conducted a study on 64 residential properties, ranging from 5 to 52 years since development, to compare soil carbon content, bulk density, temperature, and moisture, between lawns and the surrounding forests from which they were converted. Homeowners were surveyed on lawn management practices and environmental attitudes, and the relationships between these and soil properties were investigated. Soil bulk density was significantly higher in the upper 10 cm of lawns compared to adjacent forest (35% higher at 0-5 cm and 15.6% higher at 5-10 cm). Total soil C content to 30 cm of lawn (6.5 kg C m 
Introduction
Urban development of forested land causes dramatic, long-term changes in soil properties, vegetation composition, management intensity, and impervious surface area [1, 2] . As a result, urbanization can significantly alter biogeochemical cycles and other ecosystem processes [3] . Due to rapid urbanization throughout North America, interest in the effects of urban transformation on soil productivity, carbon (C) cycling and C sequestration has increased [4] [5] [6] , The North American C cycle is directly and indirectly influenced by urban development patterns, and future efforts to reduce C emissions require an accurate model of C storage in these settings [7] .
While much is known about the effects of interconversion of natural (e.g., forests, grasslands, and wetlands) and agricultural ecosystems on soil organic carbon (SOC) dynamics [8, 9] , little is known about the effects of conversion to urban land uses. Enhancement of SOC in urban soils has the potential to provide both direct and indirect benefits to urban inhabitants, including increased vegetative productivity and reduction of soil and air pollutants [6] . Understanding the factors that influence C dynamics following conversion of natural ecosystems to urban landscapes is critical to the conservation of SOC.
Conversion of non-urban lands to urban uses is rapidly occurring, increasing impacts to C cycling and other ecosystem processes. Urban land area in the United States is currently greater than 3% [10] and is projected to increase to 8.1% by 2050 [11] . Beyond major metropolitan areas, exurban development, or -rural sprawl‖ is an increasingly important land development pattern characterized as being distant from metropolitan urban centers, driven by natural amenities, and dominated by large residential parcels greater than 0.4 ha. Highly dispersed, low-density development now occupies 38 million ha [10] , which is 15 times more land area than higher density uses [4] , and has a substantial impact on fragmentation of natural systems and alteration of ecosystem processes [4] . Residential developments in rural areas often convert forest directly to intensively managed ornamental landscaping, potentially affecting regional SOC. Forest soils and associated biomass are known to be important C-sequestering systems [12] ; therefore, converting forests to residential landscapes will have large impacts on biogeochemical systems, and the effect of conversion on SOC and total C storage needs to be quantified.
Conversion of native ecosystems to urban development may cause an initial decline in C stocks, but post-conversion management could facilitate recovery and eventually increase SOC beyond that of the native systems [1, [13] [14] [15] . SOC is a function of organic matter additions due to net primary production and losses due to microbial respiration, both of which are dependent on moisture and temperature. Native SOC concentrations are spatially variable due to differences in climate and ecosystem. Quantifying gains or losses due to urban transformation must account for: (1) SOC characteristics of the background ecosystem; (2) modifications to SOC that occur during development; and (3) post-development cover type and management intensity [16] .
A complete assessment of the impact that urbanization has upon soil C storage and cycling would require an evaluation of the numerous cover types found in urban areas (e.g., turfgrass, remnant forest, urban tree canopy, wetland, impervious surface). In this study we focused on turfgrass, since it is a prominent feature due to its abundance, and unlike capped, impervious surfaces, the often high-intensity management of turf can continue to modify carbon stores. It is estimated that there are over 16 million ha of managed turfgrass lawns in the United States [4, 17] , and private residential lawns account for 80% of this managed lawn area [18] . Turfgrass management inputs (e.g., irrigation, fertilization, mowing, and pesticides) aimed at improving turf appearance and health consequentially increase net primary productivity, resulting in a high rate of root turnover and leaf clipping addition [19] . Although residential lawns receive inputs similar to agricultural systems, they are disturbed less frequently, thereby minimizing losses of SOC [20] . On average, turfgrass is a C-sequestering system [19] , although C emissions are highly variable depending on management (e.g., mowing and fertilizer use), which may more than offset C fixation [21] .
Studies of turfgrass in golf courses and residential areas have estimated mean soil C contents of 10 to 15 kg m −2 to 1-m depth [1, 16, 19] . Under high-intensity management, C is sequestered at rates of up to 0.91 kg m -2 yr −1 and will accumulate until reaching steady state in 30 to 50 years [19, 22] . Due to intensive lawn management, SOC concentrations found in urban residential areas across the United States show less variability than unmanaged natural ecosystems [1] . Pouyat et al. [16] found similar SOC contents between urban residential soils in humid, temperate Baltimore, MD, and arid, continental Denver, CO. In contrast, the native forest ecosystems in Baltimore had 60% higher SOC to a depth of 20 cm relative to the shortgrass steppe ecosystems in Denver. These landscape-and regional-scale comparisons have documented the baseline effects of converting native vegetation to turfgrass, but do not adequately explain the effects of management on intraregional variability [17, 23] . Previous studies of urban SOC have established the basic factors affecting C storage and flux in turfgrass ecosystems [17, 19, 22] as well as quantified SOC contents found in residential urban areas [1, 7, 16, 24, 25] . However, we are aware of no study that has investigated the relationship between homeowner management practices and the content and accumulation rate of SOC following conversion of forest to residential lawn. Given that the rate at which urban ecosystems store or emit C following conversion depends largely on the effects of individual practices implemented at the parcel scale [7, 20, 26] , connecting SOC to management intensities and practices is key to understanding the variability of SOC response to conversion.
The scope of the current study was exurban, residential, turfgrass-dominated landscapes established on previously mixed-oak forested lands in the Valley and Ridge physiographic province of southwest Virginia. Our objectives were to: (1) determine soil carbon to a depth of 30 cm in converted lawns and adjacent forests; (2) relate soil C content to site-specific biophysical factors; and (3) relate lawn management practices of property owners to observed patterns in soil C content.
Experimental Section

Site Selection
Study sites were selected in exurban residential areas in mixed-oak forest lands in the Valley and Ridge physiographic province of Montgomery County and Roanoke County, Virginia. Average annual precipitation in Montgomery and Roanoke Counties is 1060 mm and 1044 mm, with mean annual temperatures of 11.9 °C and 13.2 °C , respectively. Average frost-free period ranges from 117 to 185 days. Soils in this province generally form from shale, siltstone, and sandstone parent materials and are characterized by a high coarse fragment content and shallow depths to bedrock (as shallow as 20 cm). Forest soils comprise well-drained silt loam texture to 10-20 cm depth, with increase in clay content at lower depths. Soil pH ranges from 4.8 to 5.2, and organic matter from 2% to 3%. Soils in the study area were most commonly mapped as the Berks-Weikert and Tumbling-Urban land complexes [27] . Forests consist mainly of oak (Quercus alba, Q. prinus, Q. velutina, and Q. coccinea) with some hickory (Carya glabra and C. alba), red maple (Acer rubrum), and yellow-poplar (Liriodendron tulipifera) forming the overstory; flowering dogwood (Cornus florida), sourwood (Oxydendrum arboreum), and blackgum (Nyssa sylvatica) often found in the mid-story; Vaccinium species and mountain laurel (Kalmia latifolia) in the understory; and infrequent downy rattlesnake plantain (Goodyera pubescens) in an otherwise sparse herbaceous layer. Average stand age on the study sites was ca. 100 years, with mean basal area of 10.7 m 2 ha −1 ( Table 1 ).
The experimental unit was defined as a single-family residential parcel that possessed a substantial turfgrass lawn (>75 m 2 ) and was situated adjacent to native forest from which the parcel had been developed. A recruitment letter that included a document outlining the purpose of the project and a request to participate, a response card to indicate willingness was sent to owners of parcels that appeared suitable for the study. Of 325 letters sent, 147 residents responded that they were willing to participate and 26 indicated that they were not, resulting in a response rate of 53%. Parcels for which the current owner could not account for lawn care practices for a minimum of the preceding five years were immediately disqualified from the candidate pool.
Once the list of candidate parcels was compiled, a field survey was conducted to determine the suitability of individual parcels for inclusion in the study. Field criteria for parcel selection included extent of lawn area (>75 m 2 ), proximity to remnant forest (an area of forest is found within the parcel boundary), and degree of disturbance of the native land form. The confounding nature of variable site development was minimized by sampling portions of the lawn where minimal modification of the natural landform was observed. Identification of such sites required finding areas where the contour of the land under the lawn matched the contour of the surrounding forest, indicating that only the forest O horizon had been altered followed by grass seeding upon the residual O or A horizon. This determination was facilitated on many parcels by the presence of remnant forest trees within lawn areas whose trunk flare exposure served as a visual gauge of the extent of soil removal and/or filling that had occurred during site development. Based on these criteria, 64 parcels out of the 147 prospects were selected for the study. Homes were constructed between 1958 and 2005, and average year of construction was 1986. 
Field Measurements
A total of 64 parcels were sampled between May and July 2010. Two measurement plots were established on each parcel: one in the lawn and one in the adjacent forest stand. Placement of lawn and forest plots required finding areas that were representative of the prevailing landscape and minimally influenced by attributes of the adjacent land use (e.g., yard waste stockpile areas in the forest). Major considerations when establishing the lawn plot included proximity to the house (where maximum levels of soil profile disturbance likely occurred), septic field, impervious surfaces, and forest edge (no closer than 4 m from plot center). When positioning the forest plot, the forest area around the house was carefully observed in order to identify a representative forest area that was undisturbed. Areas where yard waste (e.g., leaves) had been raked into the adjacent forest edge and areas where the forest had been managed for aesthetics (e.g., clearing and thinning of the understory) were avoided during plot placement. In most instances, the forest plot was situated at the same aspect, elevation, and slope position as the adjacent lawn plot. Aspect azimuth measured in degrees was transformed using Beers Transformation [28] , in which degrees are assigned to a number ranging from 0.00-2.00, with 0 being southwest (the hottest, driest aspect) and 2 being northeast (the coolest, most moist aspect).
At the center of each lawn and forest plot, four 5-cm diameter sequential soil cores (0-5 cm, 5-10 cm, 10-20 cm, and 20-30 cm depths) were collected using a slide hammer sampler (AMS Soil Core Sampler, America Falls, ID) for measurement of soil bulk density. Next, a 3-cm diameter push-tube sampler was used to collect four soil subsamples 1 m away from the plot center in the cardinal directions. Each push tube sample was divided into four depth increments (0-5 cm, 5-10 cm, 15-20 cm, and 25-30 cm). The four subsamples for each depth increment were composited and mixed on site. On seven parcels, a single forest remnant was sampled only once for two or three adjacent lawns. In these cases, the forested area was immediately between adjacent lawns that had similar aspect and slope.
Forest vegetation was recorded using a 200-m 2 circular plot centered on each bulk density sampling location. All trees greater than 5 cm in diameter at breast height (1.3 m) were tallied by species and trunk diameter. In lawns, trees were visually categorized as residual forest trees or transplanted landscape trees. Additionally, the following site variables were measured at each plot: distance and azimuth to the dripline of nearest tree(s) in the lawnscape; height of nearest trees; distance and azimuth to the house; slope aspect; slope grade; distance and azimuth to the septic field (where applicable); and turfgrass density (low density, with bare spots; medium density, no bare spots; high density).
Laboratory Measurements
Bulk density soil samples were first oven-dried at 105 °C for 24 h, then passed through a 2-mm sieve to remove coarse fragments and woody debris. Total mass of soil and coarse fragments (>2 mm) were recorded and divided by the sampled volume to calculate bulk density. The composited soil subsamples collected with the push tube were air-dried for 24 h, passed through a 2-mm sieve, and hand-sorted to remove visible root fragments using tweezers. A 1-g sample was then collected from each processed subsample and oven-dried at 105 °C for at least 24 h prior to being analyzed for C and N concentration (%) by dry combustion (Vario Max, Elementar Americas, Trenton, NJ, USA). C content (g/cm 3 ) was then determined by C concentration and soil bulk density for each depth. A portion of each composited subsample from the 0-10 cm depth was sent to the Virginia Tech Soil Testing Laboratory for analysis of pH, cation exchange capacity, soluble salts, and extractable nutrients (P, K, Ca, Fe, B, and Al) [29] .
Survey of Lawn Management Practices
Property owners were surveyed about lawn management practices on their parcels over the previous five years. Participants had the choice of completing the survey on a website or paper form. The survey asked a series of questions regarding the homeowner's lawn care practices, including questions about fertilization, pesticide use, irrigation, and aeration frequency. For each question, participants chose from a list the response that described how they manage their lawn. An example of a question included in the survey was, -Do you apply fertilizer to your lawn?‖ to which the participant could choose, -Never‖ -Once Per Year‖ -Spring & Fall‖ or -Three or More Times Per Year‖ These data were assigned an ordinal category of 1 to 4, with 1 describing the least intensive and 4 describing the most intensive fertilization regime. Data on fertilization and other management practices were combined to derive a management intensity score ranging from 1 (lowest management) to 3 (highest management). In addition to lawn care questions, the survey contained 11 questions about the homeowner's environmental attitudes utilizing the environmental commitment (EC) scale devised by Davis et al. [30] . This EC survey included questions such as -I feel strongly linked to the environment‖ and -I feel committed to keeping the best interests of the environment in mind‖. Each item was measured using an ordinal scale from to 1 to 7, with 1 = -strongly disagree‖, 4 = -neutral‖ and 7 = -strongly agree‖. All items were then averaged to create a summated mean EC score.
Data Analysis
All statistical analyses were performed using JMP 9 software system (SAS Institute, Cary, NC, USA). Pearson's correlation was used to examine relationships between property characteristics such as age since conversion or management intensity, and soil properties. Paired t-tests were used to compare C concentrations and content and bulk density between adjacent forest and lawn. To meet model assumptions of normality and homogeneity of variance, dependent variables were transformed where needed prior to statistical analysis. For survey data, a two-step cluster analysis was conducted using SPSS (IBM Corporation) with combinations of management practices (e.g., fertilization, pesticide use, aeration) in order to identify groups of parcel owners with similar responses to management questions. High-quality clustering schemes are indicated by the level of cohesion and separation as well as the balance of the resulting clusters. The highest-quality clustering group contained only the variables pesticide and fertilizer with level of separation and cohesion >0.5. The self-reported and retrospective information about homeowner's EC was used to test for relationships among reported management practices and soil properties.
Results and Discussion
Carbon Storage in Lawns and Adjacent Forest
Soil C concentrations were higher in forest soils at the 0-5 cm (p < 0.0001) and 5-10 cm (p = 0.0014) depths, while lawn soils had greater C concentrations at the 20-30 cm depth (p = 0.0125) (Figure 1a There was a positive relationship between fertilization frequency and C content in soil under lawns at the 0-5 cm depth (r = 0.423, p = 0.0005) (Figure 3) . The relationship between C content in lawn soil and parcel age was weak across all depth intervals. There was a marginal positive relationship at the 0-5 cm depth (p = 0.12) and a marginal negative relationship at the 20-30 cm depth (p = 0.08). There was no significant relationship between lawn soil carbon content and slope, aspect, or soil pH at any soil depth interval. Figure 3 . Correlation between C content in the upper 0-5 cm of lawn soil and the lawn fertilization frequency reported by homeowners for residential parcels developed in mixed oak forests in the Valley and Ridge physiographic province of southwest Virginia. Fertilization effect was highly significant (p = 0.005).
Other Soil and Turf Variables
Forest soils had a significantly higher C:N ratio than lawn soils at all depth intervals except 20-30 cm (Table 2) . Lawn soils had significantly higher bulk density at 0-5 cm and 5-10 cm depths, but did not differ at deeper depths (Table 2) Table 2 . Average carbon-nitrogen ratio and bulk density measured at four soil depths in mixed oak forests and adjacent residential lawns in the Valley and Ridge physiographic province of southwest Virginia. Lower sample size with greater soil depth is due to encountering bedrock or buried stones with core sampler at depth. 
Lawn Management Practices, Owner Environmental Attitudes, and Soil Carbon
There was a positive relationship (p = 0.024) between overall environmental commitment (EC) score and level of management intensity (fertilizer and pesticide use). EC scores averaged 5.75, 5.90, and 6.24 in the low, medium, and high management intensities, respectively. There were also significant positive relationships between soil carbon concentration and EC at all soil depths except 
Discussion
Total soil C content to 30 cm depth of lawn (6.5 kg C/m 2 ) and forest (7.1 kg C/m 2 ) marginally differed (p = 0.08); however, lawn soils contained significantly greater C than forest soils at the 20-30 cm depth (0.010 vs. 0.007 g C cm −3 , p = 0.0137). These results support previous comparisons by Pouyat et al. [1, 16] , and Raciti et al. [31] , which found comparable levels of SOC in lawns and nearby forests in the northeastern and mid-Atlantic US The difference in depth distribution between forest and lawn is supported by Pouyat et al. [16] , where nearby forest soil was found to have a greater proportion of C in the top 20 cm than residential lawns, lawn C being more evenly distributed across greater depths. This deeper distribution of C in turfgrass systems is attributed to the deeper soil depths attained by fine root mass in managed turfgrass, as well as natural grassland systems than by fine tree roots in a forest setting [32] . During sample collection, grass roots were observed to depths of up to 30 cm, while fine tree roots were concentrated in the top 10 cm.
The relationship between C concentration and time since development in lawn soils at the 0-5 cm depth (p = 0.04) suggests that lawn soil C may be increasing with time; however, there was no significant trend between C content and time. Raciti et al. [31] also observed a lack of significant C accrual with property age in parcels transformed from forest. Compaction in the upper 0-10 cm of lawns, which likely resulted from site development, also had an impact on comparisons of forest and lawn C content. Lawns had significantly lower C concentrations than forests at 0-10 cm, but due to their significantly increased bulk density, their C content did not differ from that of forests.
Based on the homeowner survey, we found a positive correlation between reported lawn fertilization frequency and lawn C content (p = 0.0005) in the top 0-5 cm of soil. Singh [33] observed the same phenomenon in a controlled lawn study in which higher levels of fertilization resulted in a faster rate of SOC accrual in the top 0-6 cm. Fertilization enhances vegetation productivity; therefore, belowground C additions are also enhanced. Fertilization is also known to decrease heterotrophic soil respiration, and over time this could lead to greater soil C accumulation. Gough and Seiler [34] and Tyree et al. [35] both observed decreased heterotrophic respiration in loblolly pine (Pinus taeda L.) seedlings following fertilization. Bowden et al. [36] observed the same phenomenon in a deciduous forest, with microbial respiration rates reduced by 41% during the growing season in fertilized plots. Similarly, Johnson et al. [37] found that fertilization reduced heterotrophic respiration in grasslands. How changes in heterotrophic respiration may impact soil carbon content is complex and depends on the nature of the organic matter being consumed by the microbial community [38] and decreased microbial activity in the long-term may not necessarily be positive for soil productivity [39] . The addition or removal of cut grass clippings could also have an impact on C contents in turfgrass soils; however, this was not found to be a significant variable in our study.
Our results indicate that there is a connection between homeowners' environmental attitudes and lawn management practices. Interestingly, homeowners with a higher EC used more pesticides and fertilizer, which of course may or may not be good for the environment. EC was also related to both lawn carbon concentration and content, likely as a result of the fertilizer and pesticide increasing lawn productivity, as we did find turfgrass density strongly related to fertilization. Mangiafico et al. [40] found that New Jersey homeowners with higher environmental concerns did not have better lawn horticultural practices, suggesting that strong environmental values do not translate into better horticultural practices or knowledge. In our case, homeowners with greater EC scores did care for their lawns more. Other surveys have found that homeowners place high value on environmental issues, but also value aesthetically attractive lawns [41, 42] . Heavy pesticide and fertilizer use may not always be good practice. Sewell et al. [41] found that only 3% of respondents had ever tested their soils, even though 91% applied fertilizer at least once a year. As a result many lawns may be over fertilized.
We found only a marginally significant difference in soil C storage between unmanaged mixed oak forests (7.1 kg C m −2 ) and residential turfgrass systems (6.5 kg C m −2 ) in the Valley and Ridge physiographic province of southwest Virginia. Lawns did have a more uniform C distribution across depths, and there was a trend of increasing C concentration with time. However, soil is only one terrestrial ecosystem C reservoir; carbon is also contained in above-and below-ground biomass (plant and animal). Forest ecosystems of the United States contain approximately 52 billion metric tons of C, 59% in soils (to a depth of 1 m), 31% in trees, 9% in litter, and 1% in understory vegetation [43] . Jo and McPherson [21] found that C storage in grass, turfgrass stubble, and roots accounted for 0.5%-0.7% of C; trees and shrubs accounted for 10.6%-20.8%; and soil storage accounted for 78.7%-88.7% of total C stored in an urban residential area. Besides measuring the C uptake and loss associated with vegetation and soils, accounting for the C sequestration of a given land use includes measurement of C losses associated with management. Unmanaged forest land requires no management input, while residential lawns are constantly maintained during the growing season. Management activities, including mowing and application of fertilizer and pesticides, result in direct and indirect emissions of CO 2 . Jo and McPherson [21] quantified C gains and losses associated with turfgrass and found that mowing of lawns returns 1 to 5 times of their sequestered C to the atmosphere annually.
Conclusions
Converting unmanaged Appalachian hardwood forest into managed, turfgrass-dominated residential landscapes may affect C depth distribution, but results show little change in total soil carbon sequestration in the upper 30 cm. Carbon concentration, but not content, also increased in lawns with time since conversion. Homeowners who believe they are more committed to the environment managed their lawns more intensely and had lawns with increased lawn C content.
